The orientation of the chromophores in the cytochrome bc 1 of Rhodospirillum rubrum, Rhodobacter sphaeroides, and beef heart mitochondria is reported. The combination of redox-resolved absorption spectrophotometry and linear dichroism experiments at low temperature allows the determination of the orientation of the three hemes with respect to the membrane plane. The orientations of the b H -and b L -hemes of the R. sphaeroides and beef heart mitochondrial complexes are similar to those determined by crystallographic studies of the mitochondrial cytochrome bc 1 . On the other hand the orientations of the b-hemes of the R. rubrum complex lead to the conclusion that the b H -heme is more perpendicular to the membrane plane than the b L -heme. This could be explained by a specific organization of the b-hemes due to subunit composition of the complex or, alternatively, to a different spatial position of the heme transitions with respect to the porphyrin macrocycle compared with the other complexes. Moreover, our results demonstrate a different orientation of the heme c 1 of the three studied complexes in comparison to crystallographic studies. This difference may arise from the above hypothesis on the transitions of the heme or from flexibility of this subunit in function of its redox state.
protein) that carry four redox centers. The Cyt b subunit contains a high potential and a low potential b-type heme (termed b H and b L , respectively); the Cyt c 1 subunit contains a c-type heme, and the Rieske protein contains a 2Fe-2S cluster. The complete atomic structure of the mitochondrial enzyme from two species has recently been published (5, 6) , but no such structure is presently available for any of the bacterial counterparts. For structural and functional studies of the Cyt bc 1 complex, the photosynthetic bacteria provide, however, several experimental advantages as follows: (i) the bacterial enzyme shows a much simpler organization than the mitochondrial enzyme. Although the mitochondrial Cyt bc 1 complex contains 11 subunits (the functions of which are mostly unknown except those of the catalytic one), the complex from Rhodobacter (Rb.) sphaeroides is reduced to four subunits (7, 8) , and the enzyme from Rhodospirillum (Rs.) rubrum represents the simplest composition with only the three catalytic subunits (9) . (ii) The reactions catalyzed by the Cyt bc 1 complex of photosynthetic bacteria can be triggered by light which allows the (kinetic) temporal resolution of the different electron transfer events in the complex. (iii) The prokaryotic systems are well suited for application of site-directed mutagenesis techniques, since mutated Cyt bc 1 complexes that do not function properly can be examined using biochemical and biophysical techniques. This is possible because the presence of Cyt bc 1 complex is not strictly required during aerobic growth due to the presence of alternative quinol oxidases constituting a Cyt c-independent respiratory system. Due to these experimental advantages and the far-going similarities with the mitochondrial enzyme, the proteobacterial Cyt bc 1 complexes provide ideal model systems for structure/function studies. However, a thorough comparison of the general structure, and first of all of the spatial organization of the cofactors, in the bacterial and mitochondrial complexes is a prerequisite for the transposition of the bacterial results to the mitochondrial counterpart.
In the absence of the atomic structure, the orientation of the Cyt bc complex cofactors can be determined by use of spectroscopic techniques such as electron paramagnetic resonance (EPR) or linear dichroism (LD) on oriented immobilized samples. Recently numerous EPR studies have been performed on the Rieske protein (10 -12) . However, comparatively very few EPR studies have been reported dealing with the heme components of bc complex. This is most probably due to the small signal sizes as well as to the spectral overlap of b-and c-hemes in these enzymes (13) (14) (15) . LD by contrast, has proven to be a good alternate method to determine the orientation of hemes in the case of purple bacterial reaction centers (16 -19) and Cyt b 6 f complex (20) . The porphyrin electronic transitions, which produce the ␣, ␤, and ␥ optical bands, are in fact ideal for molecular orientation studies, since the polarization ratio (LD/A) for a linear absorber can be related to the orientation of the X and Y axis in the porphyrin plane (21, 22) along the X and Y Fe-pyrrole ring directions (23, 24) relative to the orientation axis. In the present study we have ascertained this LD approach by a study of the beef heart mitochondrial complex for which the atomic structure has been determined (5, 6) . We have then applied this method to determine the orientation of the three hemes associated with the Cyt bc 1 complexes from Rb. sphaeroides and Rs. rubrum.
EXPERIMENTAL PROCEDURES
Growths-Rb. sphaeroides R-26 and Rs. rubrum G9 were grown phototrophically for 48 h at 29°C in sealed bottles in modified Hutner medium (25) .
Purification of Bacterial Cyt bc 1 Complexes-Membrane fragments from Rs. rubrum and Rb. sphaeroides were prepared from French press cell extracts by centrifugation at 10,000 ϫ g for 10 min, followed by centrifugation of the supernatant at 255,000 ϫ g for 90 min. Membranes were stored at Ϫ70°C.
Purification of the Cyt bc 1 complexes was achieved by a procedure similar to those of Andrews et al. (7) and Kriauciunas et al. (9) with the following modifications. The second steps of chromatography on DEAESepharose CL-6B without glycerol in the original paper (9) was replace by a second DEAE-Bio-Gel A without glycerol. Pure Cyt bc 1 complex fractions (followed spectrophotometrically by the A 280 /A 417 ratio) were pooled, dialyzed to remove NaCl, concentrated, and stored in 20% glycerol at Ϫ70°C.
Mitochondrial Cyt bc 1 Complex Purification-Submitochondrial fractions were kindly given by G. Brandolin. The purification of the Cyt bc 1 complex was done by a procedure similar to the one published by Berry et al. (26) with minor modifications. The submitochondrial fraction was washed as described in Ref. 26 , but purification of the Cyt bc 1 complex was performed directly on this washed submitochondria without applying it on the Percoll gradient purification steps. Fractions presenting Cyt bc 1 complex without oxidase were pooled, concentrated, and stored in 20% glycerol, 260 mM NaCl at Ϫ70°C.
Absorption Spectroscopy and Redox Titration-Optical redox titrations were done as described previously (20) on sample supplemented with 60% glycerol. After redox equilibrium was reached, samples were transferred into sealed optical cuvettes.
LD Spectroscopy-LD spectra were recorded on purified Cyt bc 1 complexes integrated into squeezed polyacrylamide gel as described previously (27, 28) . The different redox states were obtained by overnight incubation in 27 mM Tris-HCl, 60% glycerol with either 25 mM ferricyanide or 100 mM ascorbate or 100 mM dithionite. The LD spectra were recorded on a laboratory-built spectrophotometer previously described (28, 29) . The analysis of the different spectra was done as previously detailed (20) . When both X and Y transitions can be defined, the orientation of the transitions were calculated according to Equation 1 .
where LD is the Linear Dichroism signal, A the absorption signal, ␣ the statistical orientation parameter of the sample in the polyacrylamide gel, and ␤ the angle between the considered transition and the orientation axis (in degrees). Assuming that X and Y transitions are orthogonal and lie in the heme plane, the tilt of the chromophore normal to the orientation axis can be determined by Equation 2.
When the transitions X and Y are energetically equivalent (case of circular degeneracy), only the angle between the normal of the heme plane and the orientation axis can be calculated using Equation 3 .
A fitting program (Sigma Plot, Jandel Scientific) was used to simultaneously fit LD and absorption (from dichroism and redox titration experiments) spectra as detailed previously (20) . The experimental errors calculation, as detailed elsewhere (20), determine, for the case of distinguishable X and Y transitions, that angles are Ϯ 3.5°reliable. For the case of circular degeneracy, the use of Equation 3 evaluates the consequent margin in the angle determination ⌬ of the normal, arising from these experimental errors ⌬LD/⌬A as shown in Equation 4 .
this determines the extent of the margin in calculated angle, in the worse case, at 8°. The angles between heme plane and membrane plane are therefore reliable in Ϯ4°in the case of circular degeneracy.
RESULTS
To determine the orientation of the three hemes of the complex, we must know the specific spectral contributions of c 1 -, b H -, and b L -hemes. Because the three hemes can be distinguished by their mid-point redox potential, we have performed redox-resolved spectra. For a better spectral resolution, all the experiments were performed at 100 or 10 K.
The Cyt bc 1 Complex from Beef Heart Mitochondria
The absorption and LD spectra recorded at 10 K on the isolated Cyt bc 1 complex from beef heart mitochondria in the ascorbate-reduced state (Fig. 1A ) and the dithionite-reduced state ( complex. In the absorption and LD spectra of ascorbate-reduced complex, a single maximum is observed at 558.4 and 557.6 nm, respectively. This difference in wavelength position implies that the b H -heme absorption is composed of two transitions absorbing at slightly different wavelengths. The best simultaneous deconvolution of the LD and absorption spectra of ascorbate-reduced sample was obtained by supposing that, in addition to the transitions of the c 1 -heme, the b H -heme possesses two contributions at 555.6 and 558.8 nm. Redoxresolved spectra (data not shown) confirmed this deconvolution. For the dithionite-reduced sample, the absorption spectrum presents, in addition to the transitions of heme c 1 , a unique maximum at 559 nm whereas two minima are observed at 557.6 and 561 nm in the corresponding LD spectrum. This implies that the b L -heme possesses two distinct transitions absorbing at 557.4 and 561.8 nm with amplitude ratio of 1 to 2, respectively, in agreement with room temperature spectra (31) .
The above results allow the complete attribution of transitions of each heme in the low temperature spectrum of reduced Cyt bc 1 complex of beef mitochondria as shown in Fig. 1B . To the best of our knowledge this represents the first determination of the optical contributions of all the hemes of the mitochondrial enzyme at low temperature. The transitions of the b H -heme that are unresolved at room temperature (31) are hardly distinguished even at low temperature. The spectrum of b H is similar to the one published for Saccharomyces cerevisiae (32) , except for a small difference in wavelength maximum.
The deconvolution in single components allowed us to calculate the LD/A ratio for each individual transition of hemes c 1 , b H , and b L . However, the absolute orientation of the hemes could not be determined. In fact the squeezed polyacrylamide gel method (as well as most of the methods of orientation) leads to an incomplete orientation of the sample, represented by the term ␣ in Equations 1 or 3. Therefore the recorded LD/A ratio allows us only to deduce relative angles. To obtain the exact angle, it is necessary to calibrate the term ␣ by an other approach. For this we have used the results of the crystallographic studies on the beef heart mitochondrial complex. The b L -heme plane is proposed to be tilted at 82°with respect to the membrane plane when taking the N A -N C and N B -N D axes as defining the heme plane (6) . The b L -heme normal would therefore be 82°tilted with respect to the orientation axis. By using this value, the orientation parameter ␣ is determined, and the absolute orientation of the other two hemes of the complex are then calculated. We determined tilt angles of 75 and 58°with respect to the membrane plane for b H -and c 1 -hemes, respectively. The value obtained for the b H is, within experimental errors (Ϯ3.5 degrees, see "Experimental Procedures"), fully compatible with the one (76°) deduced from the crystallographic structure of Iwata et al. (6) . On the other hand, the orientation of the heme of Cyt c 1 deduced from our LD study is significantly different from the value proposed by the crystallographic structure (79°). This discrepancy will be discussed in detail later. In the ascorbate-reduced complex we can determine the relative orientation of the b H -and c 1 -hemes in conditions where the b L -heme is oxidized. If we consider a similar orientation for the b H -heme in both redox conditions, i.e. 75°, tilt angle of the c 1 -heme is found equal to 56°. From both experiments performed on the mitochondrial complex, we therefore determined tilt angles of the b H -and c 1 -heme at 75 and 57 Ϯ 1°, with a reference value for the b L -heme at 82°.
The Cyt bc 1 Complex from Rs. rubrum
Redox-resolved Absorption Spectra-The different contributions of the hemes in the Cyt bc 1 complex from Rs. rubrum were determined by applying redox-resolved spectrophotometry at low temperature. Upon gradual reduction of the sample, as shown in Fig. 2A , a peak centered at 549.5 nm followed by a second peak centered at 555.2 nm and by a third one at 560.1 nm appeared. Taking into account the mid-point redox potentials determined by Kriauciunas et al. (9) (Ϫ30 and Ϫ90 mV for the b H -, and b L -heme, respectively), we deduced that hemes c 1 , b H , and b L have ␣-band wavelength maxima at 549.5, 554.5, and 560.1 nm, respectively (Fig. 2B) . Each heme presents a single optical component, without any distinction in absorption between the X and Y transitions, even at low temperature. Only the b L spectrum is clearly asymmetric.
LD Spectroscopy-As shown in Fig. 3 , both the absorption and the LD spectra of the Cyt bc 1 complex from Rs. rubrum, in dithionite-reduced state, present three peaks. The near midpoint redox potential of the b H -and b L -hemes does not allow us to obtain spectra with only the b H -heme reduced in gel-immobilized sample. Deconvolution of the spectra reveals that the absorption peaks correspond closely to the LD absorption peaks, and we assign the 549.5, 554. Both results, our and those of Gabellini and Hauska (34), determined, therefore, the b L -heme presenting two peaks at ϳ555 and ϳ561 nm but with different bandwidth, the 555 nm peak being narrower than the 561 nm one. The large differences in bandwidth and in wavelength position of the two transitions are unusual for cytochromes. To explain this fact, we propose that part of the absorption changes observed upon reduction of the b L is not a direct contribution of this heme but is linked to a small blue shift (1 nm) of the b H optical transition. In this hypothesis the reduced b L -heme presents two transitions with similar bandwidth and amplitude ratio of 0.6 and 1, respectively. This interpretation is in agreement with room temperature redox titration of Cyt bc 1 complex of Rb. sphaeroides which shows that the b L -heme presents two transitions centered at 558.5 and 565 nm in relative amplitude of 0.6 to 1 and with identical bandwidth (7) .
LD Spectroscopy-In the ascorbate-reduced state the c 1 -heme is totally reduced, whereas the b H -heme appears partially reduced (Fig. 5A) . The two transitions from the c 1 -heme, at 549.3 and 551.6 nm in Fig. 4 , appear as an unresolved band in absorption spectrum but as two distinct bands of opposite sign in LD spectrum. In the ascorbate-reduced sample (Fig.  5A) , the contribution of the b H -heme is centered at 557 nm in both the absorption and LD spectrum showing that this heme possesses a single transition in agreement with the redoxresolved spectra presented in the preceding paragraph. The exact correspondence between the absorption peak and the LD shows that the X and Y transitions are circularly degenerate for the b H -heme. In addition to the two peaks due to the c 1 -heme (Fig. 5B) , two peaks, at 555.8 and 561.2 nm in the LD spectrum and 556.2 and 561.2 nm in the absorption spectrum, are observed for the dithionite-reduced sample. The best fits for both the absorption and LD spectra are presented in Fig. 5B . This deconvolution corresponds to spectral contributions at 549.3, 551.6, 556, 556.8, and 561.4 nm, with two distinct transitions for the b L -heme and the b H -heme at 556 nm in the dithionite-reduced complex, compared with 557 nm in the ascorbate-reduced complex. This blue shift is not surprising since several CD studies on the beef heart mitochondrial and From the deconvolution of the spectra, the LD/A ratios for the transitions of hemes c 1 and b L or for the degenerate transitions of heme b H can be calculated. As already stated, we can only calculate the relative orientation of the three hemes. If we consider a similar orientation for the b L -heme in the Rb. sphaeroides and in the mitochondrial complexes, i.e. 82°, the tilt angles with respect to the membrane plane of the b H -and c 1 -hemes planes are found equal to 79 and 64°. The value determined for the b H -heme is, within experimental errors (Ϯ3.5°, see "Experimental Procedures"), equal to the one (i.e. 76°) determined from the crystallographic data of the mitochondrial complex. As for the case of beef heart mitochondria and Rs. rubrum complexes, the tilt angle determined for c 1 -heme of Rb. sphaeroides is in the range of 60°with respect to the membrane plane and not 79°as calculated from the crystallographic structure. In the ascorbate-reduced complex we can determine the relative orientation of the b H -and c 1 -hemes under conditions where the b L -heme is oxidized. If we consider a similar orientation for the b H -heme in the ascorbate-reduced complex and in the dithionite-reduced complex, i.e. 79°, the tilt angle of the c 1 -heme is calculated at 61°. From both experiments performed on the Rb. sphaeroides complex, we therefore determined tilt angles of the b H -and c 1 -heme at 79 and 62.5 Ϯ 1.5°, with a reference value for the b L -heme at 82°.
DISCUSSION
Owing to the 4-fold symmetry of the metalloporphyrin, the ␣-electronic transitions are predicted to be circularly degenerate in the heme plane (the X and Y axes being equivalent in absorption) (22, 23) . However, the results presented here and those collected on the cytochrome b 6 f complex (20) show that in several cases some imbalance along these two axes arising from asymmetric electrostatic effects of the binding protein removes this degeneracy and allows a distinction of the two optical transitions for some of the hemes. The surrounding polypeptide not only removes, in major cases, the 4-fold symmetry of the porphyrin but also has a determining influence in the wavelength position and LD/A ratio of the transitions determined for the c 1 -, b H -, and b L -hemes in the three studied complexes. It signifies that the primary sequence of the binding protein has a determinant effect on the energy and orientation of the X and Y transitions of the bound porphyrin.
On the Reliability of Our Angles Calculation-As indicated under "Experimental Procedures," the quality of the measurements permits us to limit the strict instrumental errors. The "main" source of errors should arise from the fitting procedure. But as detailed previously (20) our fitting procedure imposed strong constraints resulting from the optical theory (for example, imposing that absorption and LD spectra are composed of same component, with identical bandwidth and wavelength position, allowing different amplitudes and signs) and from mathematical tolerance (for a global fit, maximum 3% of deviation with respect to the measurement). All these constraints permit us to assert our angle calculations with Ϯ 3.5°theoret-ical confidence. In fact, in the case of the Cyt c 1 of the mitochondrial and Rb. sphaeroides complex (two independent LD experiments) or all hemes of the Rs. rubrum complex (three independent LD experiments), the determined tilt angles are identical within Ϯ2 (see "Results"). Since the deconvolution, between ascorbate-and dithionite-reduced state in the two first cases, is partly independent due to the contribution of the Cyt b L , this implies that the observed confidence is smaller than the theoretical confidence calculated.
On the Orientation of the Mitochondrial Hemes-With the assumption that the X and Y transitions of the b-hemes are orthogonal and lie in the macrocycle, the orientations deduced for these hemes by our LD measurements are in very good agreement with the crystallographic structure obtained by Zhang et al. (5) and Iwata et al. (6) . On the other hand, the deduced orientation for the c 1 -heme is significantly different. This difference is common to the three complexes considered in the present study and to the Cyt b 6 f complex (20) . In these four cases the tilt angle calculated for the c 1 /f-heme is 49 -64°with respect to the membrane plane compared with 79°deduced from the crystallographic data. Two main hypothesis could Fig. 4A , we conclude that the b H -heme spectrum points at 557 nm in the ascorbate-reduced complex and at 556 nm in the dithionite-reduced complex. explain this discrepancy.
(i) As already stated our orientation determinations are based on the hypothesis that the X and Y transitions are orthogonal and lie in the macrocycle considered to be planar. This hypothesis has been shown to be valid in the case of ferricytochrome c (21), but it cannot be excluded that the precise orientation of the transitions, which depends upon the distortion of the macrocycle induced by the polypeptide, could vary from one heme to another. In fact, the comparison of the LD values of both transitions of the mitochondrial c 1 -heme to those of the f-heme of the Cyt b 6 f complex (20) or to those of the c 1 -heme of the Rb. sphaeroides Cyt bc 1 reveals that, depending on the considered complex, the sign of these LD values can vary and therefore the orientation of the transitions of the c-type heme with respect to the macrocycle can change. The distortion on the macrocycle can be much more important for c-type heme compared with b-type heme because of the covalent nature of the ligation of the first one. The influence of the assumption on the position of the X and Y transitions with respect to the macrocycle on the determined value of the tilt angle from the c 1 -heme is great. Assuming that ␤ X and ␤ Y are the tilts of the X and Y transitions with respect to the orientation axis and the angle between them (supposing that the transitions lie in the macrocycle), the tilt of the normal of the heme plane with respect to the orientation axis can be calculate with Equation 5.
The maximum of this function is given by the value of 105°for corresponding to a maximum value of 79°for , therefore solving the discrepancy between the crystal structure and the LD experiment.
(ii) A second explanation would be that changes in the redox state of the c 1 -heme induce movement of this heme leading to distinct orientations with respect to the membrane plane. One must remember that our LD study was performed in the reduced state, whereas the crystallographic structure published by Zhang et (12) . Moreover, the relative orientation of b-hemes has been shown to be highly dependent of the presence of specific inhibitors in the Q i and/or Q o sites in the case of the chicken heart mitochondrial complex by Zhang et al. (5) . In the native form, the tilt angles of b H -, b L -, and c 1 -hemes with respect to the membrane plane are 73.4, 77.7, and 74.4°, respectively, and the values of 83.7, 76.3, and 73°, respectively, have been determined when stigmatellin and antimycin are bound to the complex (5). These results therefore reveal that, depending on the redox state or the binding of inhibitors, the mitochondrial complex can present large changes in the orientation of the redox centers. Such a rotation of the b-heme planes has already been suggested by CD studies on the mitochondrial Cyt bc 1 complex (Ref. 35 and references cited). This interpretation was based on the strong modification of b H -heme CD spectrum upon b L -heme reduction.
We favor this second hypothesis. A definitive answer will require a detailed LD study of crystals of Cyt bc 1 complexes and the examination of movement of the c 1 -heme in function of the redox state. This would require the crystallographic analysis of the complex in the reduced state. Alternatively, the comparison of LD signals of oriented samples chemically reduced to oriented samples reduced at low temperature (and therefore in a frozen immobilized oxidized state) by ␥-ray ionization as recently described (12) can bring new insights on this proposal. These experiments are under progress.
On the Orientation of the Rs. rubrum and Rb. sphaeroides Hemes-The b-hemes orientations determined for the Rb. sphaeroides complex are in very good agreement with the crystallographic structure of the beef heart mitochondrial complex, but our LD study of the purified Cyt bc 1 complex from Rs. rubrum clearly shows a different orientation of the two bhemes compared with those of the beef heart mitochondrial or Rb. sphaeroides complexes. The simplicity of the LD and absorption spectra obtained on the Rs. rubrum complex leaves no doubt on the deconvolution and therefore on this conclusion. There are several reasons that can explain the difference in orientation between Rs. rubrum and mitochondrial or Rb. sphaeroides complexes. (i) An explanation could be that the X and Y transitions are differently oriented compared with the mitochondrial and Rb. sphaeroides complexes. Our orientation calculations are indeed based on the assumption that the X and Y transitions lie in the heme plane and that the cross-product of these transitions represents the normal to the heme plane. If this would not the case, the plane from which we calculated the orientation does not represent the heme plane. In agreement with this proposal, our recent resonance Raman study of the Cyt bc 1 complex from Rs. rubrum suggests that the b L macrocycle was much more distorted compared with the b H macrocycle (36) . Examination of the crystal structure reveals that it is the opposite case in the beef heart mitochondria. The precise position of the X and Y transitions with respect to the macrocycle could therefore explain our results. (ii) The subunit composition of this bacterial complex is significantly different from the beef heart mitochondrial counterpart. The enzyme of Rs. rubrum is the simplest complex with only three subunits (9) . The fact that the X and Y transitions are degenerate for the three hemes in the Rs. rubrum complex contrary to what is observed for the mitochondrial and Rb. sphaeroides complexes shows the peculiarity of this bacterial complex. From comparison with the orientation of the hemes determined in the Rb. sphaeroides complex, we can conclude that the orientation determined in the Rs. rubrum complex is not a common feature of bacterial systems. As discussed in the preceding paragraph, calculations on the structure proposed by Zhang et al. (5) reveal that, in the mitochondrial complex, the b H -heme can be more tilted with respect to the membrane than the b L -heme. This observation therefore argues for the reality of the possible different orientation determined for the Rs. rubrum complex, due to some specific biochemical character or to a special state of the system. For example it could be explained by the uncontrolled presence or absence of quinol that could induce a similar effect as is observed for the chicken complex with inhibitors.
